Slow-Wave Hybrid Magnonics
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Cavity magnonics is an emerging research area focusing on the coupling between magnons and
photons. Despite its great potential for coherent information processing, it has been long restricted
by the narrow interaction bandwidth. In this work, we theoretically propose and experimentally
demonstrate a novel approach to achieve broadband photon-magnon coupling by adopting slow
waves on engineered microwave waveguides. To the best of our knowledge, this is the first time that
slow wave is combined with hybrid magnonics. Its unique properties promise great potentials for
both fundamental research and practical applications, for instance, by deepening our understanding
of the light-matter interaction in the slow wave regime and providing high-efficiency spin wave
transducers. The device concept can be extended to other systems such as optomagnonics and
magnomechanics, opening up new directions for hybrid magnonics.

Cavity magnonics is an emerging area exploring the
utilization of magnons — quasiparticles describing col-
lective spin excitations known as spin waves — for co-
herent information processing [1-6]. Different from con-
ventional magnonics [7, 8], cavity magnonics focuses on
coherent interaction between magnons and cavity pho-
tons instead of the magnonic dynamics itself. Such in-
teraction allows coherent information exchange between
magnons and photons, leading to coherent phenomena
including strong coupling [9-15], magnetically induced
transparency [10], and unidirectional invisibility [16, 17],
which enable wide applications in quantum transduction
[18, 19], dark matter detection [20, 21], and neuromor-
phic computing [22].

In cavity magnonics, the magnon-photon coupling can
be significantly enhanced via photon recycling at res-
onances. Through proper cavity design, the magnon-
photon coupling strength can surpass system dissipation
levels, enabling an efficient and robust interaction be-
tween the two modes. For instance, at microwave fre-
quencies, metallic three-dimensional cavities or copla-
nar waveguide (CPW) resonators are often used to host
magnonic resonators, allowing the observation of strong
[9-15] and even ultrastrong [10, 23, 24] photon-magnon
coupling. When coupling magnons with optical photons
or mechanical phonons where the interaction is intrinsi-
cally weak, complicated triple-resonance conditions can
be applied to achieve further interaction enhancement
[25-28].

Despite the enhanced coupling, cavity magnonics suf-
fers from its finite bandwidth. Although the magnon fre-
quency is widely tunable, the coherent magnon-photon
coupling can only be observed near the fixed cavity fre-

quency. Within the limited exploration of broadband
magnon-photon coupling, only cascaded discrete features
are obtained [29], which remains inherently narrow-band.
Such small bandwidths complicate device designs and
limit applications of cavity magnonics. To break this re-
striction, non-resonant structures supporting broadband
traveling photons are desired. However, the interaction of
traveling photons with magnons is usually weak. Partic-
ularly, it is extremely challenging to detect magnon sig-
nals on integrated devices where micro/nano-magnonic
resonators are coupled with microstrips or CPWs, which
usually requires sophisticated technologies such as Bril-
louin light scattering [30] that are expensive and incom-
patible with large-scale device integration.

To address this challenge, we propose a novel concept
of slow-wave hybrid magnonics. It originates from previ-
ous demonstrations in optical domain where slow lights —
traveling optical photons with reduced group velocities —
are used to enhance light-matter interactions and enable
new functionalities without compromising the bandwidth
[31-34]. By introducing spoof surface plasmon polariton
(SSPP) structures [35-38], slow waves can also be ob-
tained for microwave photons with largely reduced group
velocities. SSPP has experienced rapid development in
the past decades and found wide applications in develop-
ing compact microwave/THz devices. Here, for the first
time, we combine the two promising fields — spoof plas-
monics [36] and cavity magnonics — and show that it can
lead to broadband hybrid magnonic interactions while
maintaining large coupling strengths, as well as enable
complicated system dynamics that is of critical impor-
tance for complex magnonic systems such as magnonic
crystals [39-43] and magnonic networks [44]. Further-
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FIG. 1. (a) Schematics of the hybrid SSPP-magnonic device
(not to scale). A planar magnonic resonator is placed on a
periodically corrugated microstrip. Inset: simulated mode
profile (total magnetic field h) of SSPPs. (b) Dispersions and
(c) group velocities obtained from COMSOL simulation for
SSPPs on a waveguide with w = t = 100 m, | = 3 mm,
and varying period d. Dotted lines: dispersions of the same
uncorrugated microstrip, plotted against  values that are
normalized using different d values. fp: effective plasma fre-
quency of SSPPs. (d) Phase-field simulation results for the
temporal evolution of the precessing field my of the magnon
modes in two neighboring magnonic resonators (in phase at
f =0:98F,; out of phaseat f fp,).

more, we demonstrate slow-wave strong coupling within
our system, a phenomenon that has not been experimen-
tally observed in magnonics or other systems.

Our slow-wave hybrid magnonic device consists of a
conformal SSPP waveguide [45] and a magnonic res-
onator [Fig. 1(a)]. The SSPP waveguide is a metallic mi-
crostrip with periodic corrugations (period d), which sup-
ports slowly propagating SSPPs that mimic optical sur-
face plasmons at metal/dielectric interfaces. Figure 1(b)
plots the simulated dispersion curves of the fundamen-
tal SSPP modes on the waveguide (solid lines), which
dramatically deviate from the dispersion of the uncorru-
gated microstrip modes (dotted lines) because of their
polaritonic nature [36]. At the edge of the first Bril-
louin zone where the propagation constant = =d, the
SSPP dispersion becomes nearly flat and asymptotically
approaches the effective plasma frequency f,, where the
group velocity is largely reduced [Fig. 1(c)].

The effective plasma frequency f, of SSPPs is primar-
ily determined by the corrugation depth I, which reaches
around 10 GHz when | = 3 mm. The dispersion curve,
and accordingly the group velocity, can be fine tuned by
the corrugation period d without significantly affecting

f, [Figs.1(b) and (c)]. The corrugation teeth width w
has negligible effects and w = 0:1 mm is used through-
out our experiments. The dispersion curve and f, are
also sensitive to the magnonic resonator chip (size, align-
ment, bonding condition) and thus may vary from device
to device in our experiment.

As the SSPP frequency approaches f,, the reduced
group velocity is accompanied by the enhanced mode
confinement [Fig. 1(a), inset], which can reach deep sub-
wavelength level. The magnetic fields of SSPPs are
strongly localized at the bottom of the corrugations, in-
ducing enhanced coupling with magnons when planar
magnonic resonators are placed there. The magnonic
resonators are biased by an external magnetic field along
z, which is perpendicular to the magnetic field (in y di-
rection) of SSPPs to ensure their proper coupling with
magnons. The strength of the bias field, which deter-
mines the magnon frequency, is controlled by the z posi-
tion of the magnet using an automated stage.

The coherent SSPP-magnon coupling is confirmed
by our phase-field simulation [46] based on coupled
Maxwell’s equations and Landau-Lifshitz-Gilbert equa-
tion [46-48]. Our simulation shows that when the fre-
quencies of SSPPs and magnons match, the oscillating
magnetic field of SSPPs excites the precessing magne-
tization of magnon (and vice versa) through magnetic
dipole-dipole interaction, and the magnon phase is de-
termined by the phase of SSPP. Therefore, if multiple
magnonic resonators are placed in series on an SSPP
waveguide, their relative phase can be tuned by vary-
ing the operation frequency which accordingly changes
the propagation constant. Thanks to the nearly flat dis-
persion near Ty, a small frequency tuning can produce
a large phase tuning. This is verified by the simulated
temporal evolution of my [Fig.1(d)], where the relative
phase of two neighboring magnonic resonators (separated
by d) varies from 0 to almost when the frequency is
tuned by 2%. Such a large phase tuning over a small
distance is highly challenging when conventional waveg-
uides such as microstrips or CPWs are used. The consid-
erable phase tunability, enabled by the slow-wave nature
of SSPPs, presents a notable advantage over conventional
resonator-based hybrid magnonic systems, where fixed
phase detuning limits the system up-scaling for intricate
functionalities or dynamics, such as programmable inter-
ference within a sizable array of magnonic resonators.

The coupling strength between magnons and traveling
SSPPs can be calculated using Fermi’s Golden rule
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where go(1) = 51/M is the single magnon-SSPP

coupling rate, D(1) = 2ng is the density of state of

the SSPPs traveling in one direction, and the coefficient
A= % 2 2 sN. Here £ is reduced Planck’s constant,

Oms = 2 jgo(!)jQD(!) =A (1)







